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A cold work of up to 20% in 316L SS improves the creep properties [4]. However for 304L SS the cold work 
level of 10% showed the optimum creep resistance. Beyond 10% there was an increase in the minimum creep 
rate and a fall in creep ductility. In this study creep rupture tests have been carried out on titanium modified 
14Cr-15Ni stainless steel at 973 K and 923 K to evaluate the effect of variation in PCW on rupture life. Tensile 
tests have been carried out at room temperature and at 973 K. 
2. Experimental 
The composition of the alloy used is 0.046 C, 14.35 Cr, 15.38 Ni, 2.4 Mo, 2.38 Mn, 0.25 Ti, 0.74 Si, 0.034 P 
and balance Fe (in wt.%). The material was obtained in the form of 12 mm thick plates after solution treatment 
at 1323 K. Rods of 10 mm diameter were fabricated from these plates. Cold work was imparted on the rods by 
tensile pulling using a universal tensile testing machine. Creep samples fabricated from these cold worked rods 
had a diameter of 5 mm and gauge length of 50 mm. Constant load tests were carried out 973 K at a stress level 
of 200 MPa and at 923 K at a stress level of 225 MPa. Tensile samples fabricated from the cold worked rods 
had a gauge diameter of 4 mm and a gauge length of 26 mm. Creep and tensile tests were also performed from 
the as received solutionised material without PCW. Optical microscopy was done after standard metallographic 
finish and etching using 10% oxalic acid solution. TEM analysis was carried out after thinning the samples 
with dual jet electro-polishing at around 20 V using one part of perchloric acid solution and four parts of 
methanol. The temperature of the bath was around 230 K. 
3. Results and Discussion  
3.1. Tensile properties 
Figure 1 shows the variation of yield strength (YS) and ultimate tensile strength (UTS) with various degrees 
of cold work at room temperature and at 973 K. YS and UTS increased with increase in cold work level at both 
the temperatures. The difference between the YS and UTS decreased at higher cold work levels at 973 K. 
Figure 2 shows the variation of total elongation with degree of cold work. The total elongation showed a small 
decrease with increase in degree of cold work at room temperature and at 973 K it was almost constant for all 
the cold work levels. Hence increase in PCW improved the tensile properties both at room temperature and 973 
K.  
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Fig. 1. Variation of YS and UTS with cold work at room 
temperature and 973 K. 
Fig.2. Variation of total elongation with cold work at room 
temperature and 973 K. 
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3.2. Creep properties 
Table 1 gives the rupture life, minimum creep rate, rupture elongation along with the damage tolerance 
parameter Ȝ. The damage tolerance parameter is the inverse of Modified Monkman Grant relationship 
Ct trm =εε / , where ε  is the minimum creep rate, İt is the rupture elongation and tr is the rupture life. This 
value indicates the damamge micromechanism.  Ȝ values are in the range of 1–2.5 when tertiary creep is caused 
by intergranular cavitation. When Ȝ >2.5, tertiary creep is attributed to necking; when Ȝ > 5, tertiary creep is 
attributed to precipitate coarsening. The calculated values were higher than 5, (except for the material with no 
PCW tested at 923 K)  suggesting that the failure was due to precipitate coarsening [5].  
Figure 3 shows TEM micrograph of coarsened precipitates for 16% cold worked sample tested at 973 K. 
PCW in the range of 16-24% increased rupture life significantly at both 923 K and 973 K when compared to 
the sample wth no cold work (Table 1)  Figure 4 shows the variation of rupture life with degrees of cold work 
at 923 K and at 973 K. Rupture life did not vary with degree of cold work significantly at 973 K, whereas it 
increased with increase in cold work at 923 K. Extensive recovery of the cold worked dislocation structure was 
observed at 973K (Fig. 3) and hence rupture life was not influenced by cold work in the range of 16-24%. 
Figure 5 shows TEM micrograph of 16% cold worked sample tested at 923 K at a stress level of 225 MPa. 
There was extensive precipitation of TiC on dislocations which enhanced the creep rupture life. The dislocation 
substructure was stable even after 3900 hours of creep and hence the increase in rupture life with increase in 
cold work was significant at 923 K. 
Figure 6 shows the variation of rupture ductility with degree of cold work and the strain up to the onset of 
tertiary. The strain up to the onset of tertiary was negligible both at 973 K and 923 K and was independent of 
cold work level. Hence it is concluded that the rupture ductility is contributed mainly by the tertiary creep 
region. 
Table 1. Variation of rupture life, minimum creep rate, rupture elongation and the creep damage tolerance parameter Ȝ, with increase in 
PCW 
PCW,% 
 
Test Temperature, 
K 
Applied 
Stress, MPa 
Rupture Life, 
h 
Minimum Creep 
Rate, s 
Rupture 
Elongation, % Ȝ 
0 973 200 128 5.00E-08 45 19.53 
16 973 200 581 2.50E-09 21 38.25 
18 973 200 590 3.30E-09 20 29.96 
20 973 200 600 3.97E-09 14 16.33 
22 973 200 585 4.60E-09 12 12.39 
24 973 200 570 2.90E-09 10 16.80 
0 923 225 515 5.91E-08 30 2.74 
16 923 225 3990 1.29E-09 12 6.21 
18 923 225 4428 5.75E-10 14 17.46 
20 923 225 4721 2.72E-10 16 32.42 
22 923 225 5082 1.13E-09 17 8.20 
24 923 225 5364 4.27E-10 18 21.83 
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Fig. 3. TEM image showing recovered microstructure in 
16% cold worked sample tested 973 K at a stress level of 
200MPa 
Fig. 4. Rupture lives for samples with various cold work 
at 973 K and 923 K. 
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Fig. 5 TEM image showing precipitates on dislocations for 
the samples tested at 923 K at a stress level of 225MPa. 
Fig. 6 Variation of rupture ductility and strain up to onset 
of tertiary with cold work at 973 K at  a stress level of 
200MPa  and 923 K at a stress level of 225 MPa. 
4. Conclusions 
• The effect of cold work on the creep and tensile properties of titanium bearing 14Cr-15Ni stainless steel has 
been studied in the cold work range of 16-24%. 
• Cold work improved the yield strength and ultimate tensile strength at both room temperature and at 973 K. 
• There was no significant effect of cold work on creep properties at 973 K, due to recovery in the cold 
worked structure. 
• Rupture life increased with cold work at 923 K, due to pinning of dislocations by fine TiC precipitates. 
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